Noncontact levitation of single micrometer-sized water droplets in air can be achieved by a laser trapping technique. The equilibrium size of a water droplet is quite sensitive to relative humidity in the surrounding gas phase. In order to investigate the physical and chemical properties of single water droplets in air as a function of the droplet size or solute concentration, laser trapping experiments were conducted under controlled humidity conditions. In this study, we developed a trapping chamber equipped with a relative humidity controller and demonstrated the reversible control of the equilibrium size of a single droplet levitated in air through a change in relative humidity. Furthermore, relative humidity was successfully evaluated by means of cavity enhanced Raman spectroscopy of a trapped water droplet.
Introduction
Micrometer-sized aqueous droplets containing a solute (ammonium sulfate, sodium chloride, etc.) in air are very important as a model reaction system of cloud droplets (5 -20 μm in diameter). Knowledge about solute concentration effects on various phase transitions of aerosol water droplets is of primary importance to propose the mathematical equations for climate models. 1, 2 Noncontact levitation of a single micrometer-sized water droplet in air can be achieved by a laser trapping technique. [3] [4] [5] [6] [7] [8] [9] [10] [11] Furthermore, a laser beam used as a trapping light source can be used simultaneously as an excitation light source for Raman spectroscopy, which provides information on a fingerprint of the chemical composition in an aerosol water droplet. Therefore, laser trapping and Raman spectroscopy is the powerful means to study the chemical and physical properties of single droplets in air. 12, 13 As demonstrated in a previous publication, the ammonium sulfate concentrations in individual aerosol water droplets (0.07 -0.11 mol dm -3 ) generated by an ultrasonic nebulizer are independent of those in mother solutions (0.05 -1.00 mol dm -3 ) under constant relative humidity conditions. 8 This phenomenon is one of the characteristic features of the aerosol water droplets, and will not be observed in colloidal particles such as water-in-oil emulsions. The vapor pressures in aerosol droplets should be thermodynamically in equilibrium with that of water in air. The sizes of water droplets generated by a nebulizer vary through water evaporation/condensation in accordance with the relative humidity (RH) around the water drop. Thus, the solute concentration in a given sized water droplet should be constant under a given RH condition. These situations indicate that, in order to investigate the physical and chemical properties of single water droplets in air as a function of the size or solute concentration, it is necessary to systematically control RH around trapped water droplets. Therefore, in this study, we developed a trapping chamber equipped with an RH controller and demonstrated reversible control of the equilibrium size of a single droplet levitated in air by a change in RH. Furthermore, a laser trapped water droplet in air can be employed as a spherical cavity. 11 Raman scattering light by a water droplet is amplified by whispering gallery mode (WGM) resonances in the droplet. 9 Thus, the WGM resonances provide an opportunity to study a droplet size in nanometer accuracy. In this study, RH was successfully evaluated by means of cavity enhanced Raman spectroscopy of an aqueous ammonium sulfate droplet levitated in the trapping chamber.
Experimental
Water was purified by reverse osmosis and deionization prior to use (Merck Millipore, Milli-Q Integral 3). Ammonium sulfate (Wako Pure Chemical Co., Ltd.) was used without further purification. Laser trapping and Raman spectroscopy of single aerosol droplets have been discussed in previous publications and will be described only briefly here. [8] [9] [10] [11] Aerosol water droplets containing ammonium sulfate were generated by an ultrasonic nebuliser and introduced into a chamber set on the stage of an inverted optical microscope (Olympus, IX71). A single water droplet was trapped by focused laser light from a CW-Nd:YVO4 laser (532 nm, Coherent, Verdi) through an objective lens (×60, N.A. = 0.70). In order to control RH within the chamber, humidity-controlled air was introduced to the chamber as shown in Fig. 1 . Air supplied from a compressor was dried and purified by an air purifier (GL Sciences Inc., AOE2300), and the stream was divided in two lines. One of them was passed through a bubbler containing pure water to obtain humidified air. RH was measured by a humidity probe (A1-SDI-9130.52, Lufft), and those of dry and humidified air were set at 8 ± 2 and 98 ± 2%, respectively. The mixing ratio between dry and humidified air was controlled by using mass flow controllers (HORIBA STEC, SEC-E40), and the total mixed air flow was kept constant at 0.500 ± 0.005 dm 3 min -1 throughout the experiments. Temperature inside the chamber was kept constant (25.0 ± 0.4 C) by using a refrigerated circulator (Fine, FR-007N). The laser beam was simultaneously used as an excitation light source for Raman spectroscopy of single trapped droplets. Raman scattering light from the trapped droplet was collected by the same objective lens. After passing through a single-notch filter (Semrock, NF03-532E-25, optical density > 6) to remove Rayleigh scattering by the droplet, Raman scattering light was focused onto the entrance slit of a polychromator (SOLAR TII, MS3504i, 300 grooves/mm) and analyzed by a cooled EMCCD detector (ANDOR, Newton DU970N-BV).
Results and Discussion

Reversible control of the equilibrium size of a single aerosol droplet by the change in relative humidity
An aqueous ammonium sulfate solution ([(NH4)2SO4] = 0.50 mol dm -3 ) was nebulized and introduced into the chamber, and a single micrometer-sized aqueous ammonium sulfate droplet was trapped in air by a focused laser beam through an objective lens. After trapping the droplet, only humidified air (RH = 98 ± 2%) was introduced to the chamber at a flow rate of 0.500 dm 3 min -1 . The droplet was kept trapped over 30 min to remove all of the non-trapped water droplets from the chamber. This enabled us to levitate only one droplet in the chamber as shown in Fig. 2A . After 30 min, the RH in the chamber was sequentially changed by varying the ratio of humidified and dry air flows. The photographs of the trapped water droplet under the given RH conditions are shown in Fig. 2B -F, and the ratio of humidified and dry air flows are summarized in Table 1 . The equilibrium size of the trapped droplet varied in accordance with the RH in the surrounding gas phase. When both humidified air (0.30 dm 3 min -1 ) and dry air (0.20 dm 3 min -1 ) were blown into the chamber, the size of the droplet decreased owing to evaporation of the water vapor from the trapped droplet as shown in Fig. 2B . On the other hand, the equilibrium size of the trapped water droplet gradually increased with increasing the humidified air contents, as shown in Fig. 2B -F. As demonstrated in Fig. 2 , the equilibrium size of the droplet levitated in air was controlled successfully by changing the RH Table 1. of the surrounding gas phase.
In order to investigate the chemical composition in and the size of a trapped droplet, the Raman spectra of the droplet were measured over 500 min in 5-min intervals. For the sake of simplicity, typical Raman spectra of the droplet after the system reaches equilibrium under given RH conditions (A -F) are shown in Fig. 3 . Raman scattering of the symmetric stretching vibration of an SO4 2-anion and the OH stretching vibration of H2O were observed at 980 and 3420 cm -1 , respectively. As described in a previous publication, the intensity ratio of these two Raman peaks (I980/I3420) is known to be linearly proportional to the ammonium sulfate concentration in water, 8, 9 and the slope and intercept values of the calibration curve were determined to be 1.12 ± 0.01 dm 3 mol -1
and 0.05 ± 0.02, respectively. Therefore, in situ quantification of ammonium sulfate in the single aerosol droplet was achieved by means of Raman spectroscopy. On the basis of the Raman intensity ratio (I980/I3420), the ammonium sulfate concentration in the droplet was determined and the data are summarized in Table 1 .
Furthermore, it is worth noting that many sharp peaks are superimposed on the broad Raman spectra in the wavenumber region of 2800 -3800 cm -1 as shown in Fig. 3A -F . Since the refractive index of water is higher than that of air, Raman scattering light from the inside of the droplet is reflected totally at the droplet/air boundary and that propagates circumferentially to produce standing waves at the boundary. This phenomenon is called whispering gallery mode (WGM) resonances and enhances the Raman scattering that coincides with the cavity resonance wavelengths. 9, 11, 14 Therefore, the Raman spectrum of the OH stretching vibration in Fig. 3A was plotted against the wavelength in Fig. 4a .
Theoretically, the WGM resonances can be analyzed by the Mie scattering theory. 15 The scattering efficiency (Qs) of a microsphere is given by
where x = 2πr/λ is known as the size parameter. Here, λ is the wavelength of scattered light and r is the radius of the microsphere. The coefficients an,l and bn,l are the spherical Bessel and Hankel functions of the first kind, respectively. a. RH values were calculated from the ammonium sulfate concentration and radius (r) of each droplet by using Eq. (4). Fig. 3 Raman spectra of the trapped aqueous ammonium sulfate droplet in the equilibrium under the given RH conditions (A -F) listed in Table 1 . 
Here, m represents the refractive index of the microsphere. The integer n denotes the order of the spherical Bessel and Hankel functions known as the angular mode number and l represents the mode order of a resonance. The WGM resonances depend on the radius and refractive index of a droplet. In order to determine the size of the droplet with high precision, the ammonium sulfate concentration dependence of the refractive index of water was taken into account in the calculations of Eqs. (2) and (3). 16 The wavelengths of the WGMs were used to calculate the droplet size by iteratively comparing the resonant fingerprints with predictions from Mie scattering calculations using Eq. (1). Figure 4(b) shows the theoretical simulation of Qs of a droplet with the radius of 5.27 μm and the refractive index of 1.35. 16 Dashed lines are guides to eyes. It is noteworthy that the peak positions of Qs match very well with observed peaks in the Raman spectrum. In the same manner, the radii of the trapped water droplet after the equilibrium under given RH conditions (A -F) were determined and summarized in Table 1 .
The solute concentration in and the radius of the trapped water droplet were determined successfully by means of laser trapping and Raman spectroscopy. Therefore, it is possible to calculate the amount of ammonium sulfate (n) solubilized in the trapped droplet from the results as summarized in Table 1 . While the radius of the droplet varies from 3.17 to 5.27 μm, the amount of ammonium sulfate is almost constant (4.90 -4.92 × 10 -13 mol). These results clearly indicate that the change in the equilibrium size of the droplet shown in Fig. 2 was caused only by evaporation and condensation of water molecules.
Determination of RH on the basis of the equilibrium droplet size
Since the vapor pressure of the droplet should be thermodynamically in equilibrium with that of water in air, the RH of the surrounding gas phase can be estimated by calculating the vapor pressure of the trapped water droplet on the basis of the Köhler theory. 8, 9, 17 
In Eq. (4), r is the radius of the droplet, a and b are given by the following equations,
where σ is the surface tension of the water droplet, ρw is the density of the solution, mv and ms are the molecular weight of water (18.016 g mol -1 ) and ammonium sulfate (132.14 g mol -1 ), respectively. Rv represents the gas constant for water vapor (Rv = R/mv = 8.31/18.016 = 461 J K -1 kg -1 ). T is the absolute temperature (298.2 K). M is the solute mass and i is the van't Hoff factor. In the calculations of a and b, we must consider the influence of the solute concentration on ρw, σ and i. Thus, the ρw value of each droplet size was calculated based on the ammonium sulfate concentration evaluated from the relevant Raman spectrum. 18 On the other hand, both σ and i values were determined by extrapolation from the literature values. 19, 20 As discussed in the previous section, the amount of ammonium sulfate (n = M/ms) in the trapped droplet is almost constant and, the average value is 4.92 × 10 -13 mol. Therefore, the radius of the droplet evaluated by the cavity enhanced Raman spectroscopy can be used as a probe of RH in the chamber. The RH values under given experimental conditions (A -F) were summarized in Table 1 .
In the present experiments, Raman spectra were acquired in 5-min intervals. Thus, it is possible to represent the sequential time response of RH in the chamber as shown in Fig. 5 . The arrows in the figure indicate the timing of changing the mixing ratio between dry and humidified air. It should be noted that the reversible control of RH in the chamber was achieved in the range from 87.8 to 97.3% with ~2% increment steps. In the experiments, the flow rate of air introduced into the chamber was kept constant at 0.500 ± 0.005 dm 3 min -1 . Thus, air in the gas feed lines and chamber might be replaced within 10 s. However, as shown in Fig. 5 , it took several tens of minutes for RH to become constant after changing the mixing ratio. This is possibly due to water absorption/desorption on the inner wall of the chamber. During the trapping of a single droplet from a flow of the aqueous ammonium sulfate droplets generated by a nebulizer, the majority of the droplets will be deposited to the inner wall of the chamber. Since ammonium sulfate is nonvolatile, the non-trapped water droplets have a significant impact on RH in the chamber. In order to reduce the influence of non-trapped water droplets on RH, the inner wall of the chamber was covered with a glass wool moistened with pure water as shown in Fig. 1 . By using this experimental approach, while the time response of the RH in the chamber became slow, the reproducibility of the experiments was greatly improved.
Conclusions
The equilibrium size of a micrometer-sized water droplet in air is extremely sensitive to RH in the surrounding gas phase. In order to investigate the physical and chemical properties of various sized droplets in air, an experimental approach to control RH is required. Thus, we developed a trapping chamber for RH control by changing the mixing ratio of dry and humidified air. To assess our ability to control RH in the chamber based on this technique, we performed the reversible control of the equilibrium size of a single droplet in air. Furthermore, the sequential time response of RH in the chamber was evaluated from WGMs on the Raman band of the droplet. As demonstrated in this study, we succeeded in controlling the equilibrium size of a single droplet with a radius from 5.27 to 3.17 μm by changing RH from 97.3 to 87.8%. During the course of the experiment, the solute concentration varied by a factor of ~5. By using this experimental approach, it is possible to control the solute concentrations in micrometer-sized water droplets in air. It is well known that ammonium sulfate aerosol particles in a solid state play an essential role as a cloud condensation nucleus, and ammonium sulfate is one of the common chemical species presented in cloud droplets in the atmosphere. [21] [22] [23] [24] Therefore, it is very important to investigate physical and chemical properties of ammonium sulfate droplets in a wide concentration range including a supersaturated condition. Future studies, including on ammonium sulfate concentration dependence on the phase transitions of water droplets in air, should reveal the detailed mechanism of the initial processes of rainfall or snowfall, which is the next focus of our research.
